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Abstract²3QHXPDWLF DUWLILFLDO PXVFOHV 3$0V KDYH
EHHQ ZLGHO\ XVHG LQ DFWXDWLRQ RI PHGLFDO GHYLFHV GXH WR
WKHLU LQWULQVLF FRPSOLDQFH DQG KLJK SRZHU WRZHLJKW UDWLR
IHDWXUHV+RZHYHUWKHQRQOLQHDULW\DQGWLPHYDU\LQJQDWXUH
RI 3$0V PDNHV LW FKDOOHQJLQJ WR PDLQWDLQ KLJK
SHUIRUPDQFH WUDFNLQJFRQWURO ,Q WKLVSDSHU D+LJK2UGHU
3VHXGR3DUWLDO 'HULYDWLYH EDVHG 0RGHO)UHH $GDSWLYH
,WHUDWLYH/HDUQLQJ&RQWUROOHU+233'0)$,/&LVSURSRVHG
WRDFKLHYHIDVWFRQYHUJHQFHVSHHG7KHG\QDPLFVRI3$0
LV FRQYHUWHG LQWR D G\QDPLF OLQHDUL]DWLRQ PRGHO GXULQJ
LWHUDWLRQVPHDQZKLOHDKLJKRUGHUHVWLPDWLRQDOJRULWKPLV
GHVLJQHG WR HVWLPDWH WKH SVHXGRSDUWLDO GHULYDWLYH
FRPSRQHQWRIWKHOLQHDUL]DWLRQPRGHOE\RQO\XWLOL]LQJWKH
LQSXWDQGRXWSXWGDWD LQSUHYLRXV LWHUDWLRQV7KHVWDELOLW\
DQGFRQYHUJHQFHSHUIRUPDQFHRIWKHFRQWUROOHULVYHULILHG
WKURXJKWKHRUHWLFDODQDO\VLV6LPXODWLRQDQGH[SHULPHQWDO
UHVXOWV RQ 3$0 GHPRQVWUDWH WKDW WKH SURSRVHG +233'
0)$,/& FDQ WUDFN WKH GHVLUHG WUDMHFWRU\ ZLWK LPSURYHG
FRQYHUJHQFHDQGWUDFNLQJSHUIRUPDQFH

Index Terms²3QHXPDWLF DUWLILFLDO PXVFOH PRGHOIUHH
DGDSWLYHFRQWUROLWHUDWLYHOHDUQLQJFRQWUROFRQYHUJHQFH
, ,1752'8&7,21
1(80$7,&DUWLILFLDOPXVFOH3$0LVDWXEHOLNHDFWXDWRU
WKDWODUJHO\PLPLFVELRORJLFDOKXPDQPXVFOHIXQFWLRQV>@
&RPSDUHG WR WUDGLWLRQDO HOHFWULFDO PRWRUV DQG K\GUDXOLF
DFWXDWRUV WKH OLJKWZHLJKW KLJK FRPSOLDQFH DQG KLJK
SRZHUWRZHLJKWUDWLRRI3$0V>@KDYHIXHOHGWKHLUSRSXODULW\
DPRQJDVVLVWLYHH[RVNHOHWRQVDQGUHKDELOLWDWLRQURERWVVXFKDV
WKHXSSHUOLPEH[RVNHOHWRQVHULHV583(57>@DQGWKHORZHU
OLPE RUWKRWLFV .$)2 >@ +RZHYHU XQOLNH WKH FRQYHQWLRQDO
DFWXDWRUV DGRSWHG LQ /RNRPDW >@ DQG $UPHR3RZHU >@ WKH
QRQOLQHDU DQG WLPHYDU\LQJ QDWXUH RI 3$0V PD\ FDXVH

0DQXVFULSWUHFHLYHG-DQXDU\UHYLVHG-XQH$XJXVW
DQG 2FWREHU   DFFHSWHG 2FWREHU   7KLV ZRUN ZDV
VXSSRUWHGE\WKH1DWLRQDO1DWXUDO6FLHQFH)RXQGDWLRQRI&KLQDXQGHU
*UDQWDQG*UDQWDQGLQSDUWE\WKH.H\3URJUDP
IRU ,QWHUQDWLRQDO 6	7 &RRSHUDWLRQ RI +XEHL 3URYLQFH XQGHU *UDQW
$+%DQGWKH(365&6WDQGDUG5HVHDUFK6FKHPHXQGHU*UDQW
(36Corresponding authors: Wei Meng and Quan Liu
4 $L ' .H - =XR : 0HQJ DQG 4 /LX DUH ZLWK WKH 6FKRRO RI
,QIRUPDWLRQ (QJLQHHULQJ :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ :XKDQ
&KLQDHPDLOV^ZHLPHQJTXDQOLX`#ZKXWHGXFQ
:0HQJ==KDQJDQG64;LHDUHZLWKWKH6FKRRORI(OHFWURQLF
DQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI/HHGV/HHGV/6-78.6
4;LHLVDOVRZLWK&ROOHJHRI(OHFWURPHFKDQLFDO(QJLQHHULQJ4LQJGDR
8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\4LQJGDR&KLQD
GLIILFXOWLHV LQ PRGHOLQJ WKH URERW G\QDPLFV >@ ,W LV WKXV
FKDOOHQJLQJWRPDLQWDLQKLJKFRQWURODFFXUDF\RI3$0VGULYHQ
URERWV7KLVZRUNDLPVWRLPSURYHWKHFRQWUROSHUIRUPDQFHRI
WKH3$0VDQG WKHVWXG\RQVLQJOHPXVFOH LVFRQVLGHUHGDVD
SULRUIRUDFWXDWLQJWKHDQNOHUHKDELOLWDWLRQURERW>@
,QWKHSDVWGHFDGHWKHUHDUHDPHQGHGZRUNRQPRGHOEDVHG
FRQWUROVWUDWHJLHVIRU3$0V)RULQVWDQFH<DRHWDOSURSRVHGD
QRYHOHPSLULFDOPRGHORI3$0DQGGHVLJQHGDVHOIRUJDQL]LQJ
IX]]\ FRQWUROOHU ZLWK PRGHO FRPSHQVDWLRQ >@ =DQJ HW DO
GHYHORSHGDPRGLILHG3UDQGWO,VKOLQVNLLPRGHOIRUUHSURGXFLQJ
WKH OHQJWKSUHVVXUH K\VWHUHVLV RI 3$0 DQG KLJKHU WUDMHFWRU\
WUDFNLQJDFFXUDF\KDVEHHQDFKLHYHGE\DVLPSOH[SURSRUWLRQDO
FRQWUROOHUZLWKWKHPRGHOEDVHGFDVFDGHFRPSHQVDWLRQ>@,Q
WKHVH VWXGLHV GLIIHUHQW PDWKHPDWLFDO PRGHOV RI 3$0 DQG
FRQWUROVFKHPHVZHUHHVWDEOLVKHG+RZHYHUWKHVHPRGHOVDUH
URXJKO\ DQ DSSUR[LPDWLRQRI WKH3$0EHKDYLRUVDQG WHQG WR
PLVVWKHG\QDPLFFRPSRQHQWVVRDFRPSHQVDWRUPXVWEHDGGHG
,QDGGLWLRQWKH3$0PRGHOVLQFOXGHWLPHYDU\LQJSDUDPHWHUV
DQGQRQOLQHDUVWUXFWXUHVZKLFKZLOOLQFUHDVHWKHFRPSOH[LW\RI
FRQWUROOHU GHVLJQ DQG DQDO\VLV :KLOH PRGHOEDVHG FRQWURO
VFKHPHVKDYHEHHQHVWDEOLVKHGWKHLUDFFXUDF\DQGDSSOLFDELOLW\
PLJKW EH OLPLWHG XQGHU GLIIHUHQW LQWHUDFWLYH HQYLURQPHQWV RU
FROODERUDWLRQRIPXOWLSOH3$0V7KHUHIRUHLWLVLPSHUDWLYHWR
LQWURGXFHPRGHOIUHHPHWKRGVIRUGHFUHDVLQJWKH3$0VGULYHQ
V\VWHP¶VVHQVLWLYLW\WRG\QDPLFXQFHUWDLQWLHVLQSUDFWLFH>@
'DWDGULYHQ PRGHOIUHH FRQWURO DSSURDFKHVKDYH VKRZQJUHDW
SRWHQWLDOLQUHFHQWVWXGLHV>@,QGDWDGULYHQVFKHPHVWKH
FRQWUROOHUGRHVQRWKDYHWRPRGHOWKHV\VWHPLQVWHDGRQO\WKH
LQSXW DQG RXWSXW GDWD ZLOO EH XVHG >@ &RPSDUHG ZLWK
PRGHOEDVHGPHWKRGVWKHGDWDGULYHQFRQWUROLVPRUHYHUVDWLOH
E\DYRLGLQJWKHG\QDPLFVPRGHOOLQJFRPSOH[LW\
)URP WKH UHFRPPHQGHG UHKDELOLWDWLRQ VWUDWHJLHV WKH WDVNV
DUHRIWHQSHUIRUPHG LQD UHSHWLWLYH PDQQHU >@ VR WKH3$0
DFWXDWRUVDOVRSHUIRUPUHSHDWHGRSHUDWLRQPRGHV7KLVVXSSRUWV
WKHLPSOHPHQWDWLRQRIVRPHIRUPRILWHUDWLYHOHDUQLQJFRQWURO
,/&ZKLFKLVZHOOVXLWHGIRUUHKDELOLWDWLRQ,/&LVDW\SLFDO
GDWDGULYHQPHWKRGIRUFRQWUROOLQJUHSHWLWLYHO\UXQQLQJREMHFW
ZKLFKLPSURYHVWKHWUDFNLQJSHUIRUPDQFHE\LQWURGXFLQJHUURU
GDWD IRU XSGDWLQJ WKH LQSXW RI VXEVHTXHQW LWHUDWLRQV >@
+RZHYHU WKH XQVWDEOH IXQFWLRQ DSSUR[LPDWLRQ DQG OLPLWHG
FDOFXODWLRQ VSHHG RI PDQ\ ,/&V PDNH LW LPSUDFWLFDO IRU
3$0VGULYHQ UHKDELOLWDWLRQ V\VWHPV >@ 5HFHQWO\ PRGHO
IUHH DGDSWLYH FRQWURO 0)$& LV SURSRVHG RQ WKH EDVLV RI
G\QDPLFOLQHDUL]DWLRQPHWKRGZKLFKEXLOGVDQHTXLYDOHQWGDWD
PRGHO WR UHSODFH WKHRULJLQDOQRQOLQHDUPRGHOE\ LQWURGXFLQJ
+LJK2UGHU0RGHO)UHH$GDSWLYH,WHUDWLYH
/HDUQLQJ&RQWURORI3QHXPDWLF$UWLILFLDO
0XVFOHZLWK(QKDQFHG&RQYHUJHQFH
4LQJVRQJ$L Member, IEEE'D.H-LH=XR:HL0HQJMember, IEEE4XDQ/LX 
=KLTLDQJ=KDQJDQG 6KHQJ4;LHSenior Member, IEEE 
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WKHSVHXGRSDUWLDOGHULYDWLYH33'>@'LIIHUHQWIURPRWKHU
GDWDGULYHQFRQWUROPHWKRGV0)$&LVFRPSOHWHO\PRGHOIUHH
LQZKLFKWKHFRQWUROOHUSDUDPHWHUVFDQEHDGDSWLYHO\DGMXVWHG
DFFRUGLQJ WR WKH WLPHYDU\LQJ 33' $ PRGHOIUHH DGDSWLYH
LWHUDWLYH OHDUQLQJ FRQWUROOHU 0)$,/& EDVHG RQ LWHUDWLYH
G\QDPLF OLQHDUL]DWLRQ ZDV SURSRVHG LQ >@ ZKHUH WKH ,/&
SDUDPHWHUVZHUHXSGDWHGE\SUHYLRXVLWHUDWLRQGDWD0)$,/&
KDVDEHWWHU VXLWDELOLW\ WR WKH WLPHYDU\LQJ V\VWHPVFRPSDUHG
ZLWK WUDGLWLRQDO,/&ZLWK IL[HGJDLQV)XUWKHUPRUH WKH LQLWLDO
FRQGLWLRQ RI 0)$,/& LVQRW DV VWULFW DV PDQ\ ,/& PHWKRGV
ZKLFKPDNHVLWVXLWDEOHIRU3$0VDFWXDWHGV\VWHPV
,Q UHSHWLWLYH FRQWURO SUDFWLFH HVSHFLDOO\ IRU UHKDELOLWDWLRQ
GHYLFHVGULYHQE\SQHXPDWLFPXVFOHVFRQYHUJHQFHVSHHGLVD
FULWLFDO LQGH[ IRU LWHUDWLYH OHDUQLQJ FRQWURO >@ +RZHYHU
FXUUHQWZRUNRQLPSURYLQJWKHFRQYHUJHQFHLVOLPLWHG>@VR
RQH PRWLYDWLRQ RI WKLV SDSHU LV WR HQKDQFH WKH FRQYHUJHQFH
SHUIRUPDQFH RI 0)$,/& ,Q IDFW WKH FRQYHUJHQFH VSHHG RI
0)$,/&SDUWLFXODUO\UHOLHVRQWKHLQLWLDO33':LWKRXWSURSHU
VHOHFWLRQRILQLWLDO33'LWUHTXLUHVPXOWLSOHDWWHPSWVWRILQGRXW
WKHDSSURSULDWHYDOXH>@ZKLFKPHDQVLQDSSURSULDWH33'ZLOO
OHDGWRDVORZFRQYHUJHQFHGXULQJWKHFRQWUROLWHUDWLRQV>@,Q
WKLV SDSHU D KLJKRUGHU SVHXGRSDUWLDO GHULYDWLYH EDVHG
PRGHOIUHH DGDSWLYH LWHUDWLYH OHDUQLQJ FRQWUROOHU +233'
0)$,/&LVSURSRVHGZKLFKFDQTXLFNO\WXQHWKHSDUDPHWHUV
ZLWKRXW ODUJH DIIHFWV IURP WKH LQLWLDO 33' DQG WKXV KDV DQ
HQKDQFHGFRQYHUJHQFHSHUIRUPDQFH
7RRXUEHVWNQRZOHGJHWKHFRQWUROOHUGHVLJQIRU3$0EDVHG
RQKLJKRUGHU33'HVWLPDWLRQKDVQRWEHHQUHSRUWHG\HW0DLQ
FRQWULEXWLRQVRIWKLVSDSHULQFOXGH%\XVLQJWKHKLJKRUGHU
33' HVWLPDWLRQ VFKHPH EDVHG RQ SUHYLRXV LQSXW DQG RXWSXW
GDWDWKH+233'0)$,/&PHWKRGLVGHYHORSHGWRDFKLHYHWKH
KLJKSHUIRUPDQFHUHSHWLWLYHFRQWURORIQRQOLQHDUWLPHYDU\LQJ
V\VWHPVVXFKDV3$0&RQYHUJHQFHSURSHUW\RIWKHSURSRVHG
FRQWURO VFKHPH LV LQGHSHQGHQW RI WKH VHOHFWLRQ RI 33'V
+RZHYHU WKH H[LVWLQJ 0)$,/& PHWKRGV ZLOO EH JUHDWO\
DIIHFWHG E\ WKH LQLWLDO 33'  7KLV LV WKH ILUVW WLPH WKDW D
+233'0)$,/& LV GHYHORSHG IRU WKH 3$0 V\VWHP ZLWK
HQKDQFHG FRQYHUJHQFH 7KH PDWKHPDWLFDO SURRI VLPXODWLRQ
DQG H[SHULPHQWDO UHVXOWV GHPRQVWUDWH WKDW WKH SURSRVHG
FRQWUROOHUFDQDFFHOHUDWH WKHFRQYHUJHQFHUDWHFRPSDUHGZLWK
H[LVWLQJ0)$,/&PHWKRGV7KHLPSOHPHQWDWLRQRI+233'
0)$,/& LV FRPSOHWHO\ GDWDEDVHG DQG PRGHOIUHH ZKLFK
UHWDLQVWKHUREXVWQHVVRIFORVHGORRSV\VWHPLQWLPHGRPDLQDQG
DFKLHYHWKHFRQYHUJHQFHRIWUDFNLQJHUURULQLWHUDWLRQGRPDLQ
HYHQ ZLWK FHUWDLQ H[WHUQDO ORDG LQWHUIHUHQFHV 7KRXJK WKH
+233'0)$,/& LV GHYHORSHG XQGHU WKH FRQVLGHUDWLRQ RI
3$0LWLVDOVRDSSOLFDEOHWRRWKHUQRQOLQHDUV\VWHPV
7KH UHVW RI WKLV SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ ,,
LQWURGXFHVWKHSUREOHPIRUPXODWLRQDQGWKH+233'0)$,/&
FRQWUROOHU GHVLJQ WKHQ WKH HQKDQFHG FRQYHUJHQFH LV DQDO\]HG
WKHRUHWLFDOO\6RPHVLPXODWLRQDQG3$0FRQWUROH[SHULPHQWV
IRUYDOLGDWLRQDQGFRPSDULVRQDUHGHPRQVWUDWHGLQ6HFWLRQ,,,
DQGGLVFXVVLRQDQGFRQFOXVLRQDUHJLYHQLQ6HFWLRQ,9
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0)$,/&LVDFRPSOHWHO\PRGHOIUHHPHWKRG%DVLFDOO\WKH
PHWKRGDLPVWRHVWDEOLVKDG\QDPLFOLQHDUL]DWLRQ'/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))'/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ZKHUH  ku t DQG  ky t GHQRWHWKHFRQWUROLQSXWDQGRXWSXWRI
WKHV\VWHPDWWLPH t RIWKHk-thLWHUDWLRQ    t T   DQG
T LVWKHHQGSRLQWRIWKHILQLWHWLPHLQWHUYDO nQ DQG nP DUHWZR
XQNQRZQSRVLWLYHLQWHJHUVUHSUHVHQWLQJWKHV\VWHPRUGHU  f 
LVDQXQNQRZQQRQOLQHDUIXQFWLRQ)RUV\VWHP WKHDLPRI
WKLV FRQWUROOHU LV WR ILQG RXW D VXLWDEOH VHTXHQFH RI ERXQGHG
FRQWUROLQSXW  ku t VXFKWKDWWKHV\VWHPRXWSXWVHTXHQFH  ky t 
LVDEOHWRWUDFNWKHJLYHQGHVLUHGWUDMHFWRU\  dy t 
7KHIROORZLQJDVVXPSWLRQVIRUV\VWHPDUHJLYHQWRPDNH
WKHGLVFXVVLRQULJRURXV>@
$VVXPSWLRQ  7KH SDUWLDO GHULYDWLYH RI WKH QRQOLQHDU
IXQFWLRQ  f  ZLWKUHVSHFWWRWKHLQSXW  ku t LVFRQWLQXRXV
$VVXPSWLRQ6\VWHPLVJHQHUDOL]HG/LSVFKLW]WKDWLV
IRU DOO    t T   DQG  k     LI   ku t' z  WKHQ
WKHV\VWHPVDWLVILHVWKHIROORZLQJFRQGLWLRQ
    k ky t b u t'  d '  
ZKHUH      k k ky t y t y t'            k k ku t u t u t'   
DQG b LVDSRVLWLYHFRQVWDQW
$VVXPSWLRQLVW\SLFDOLQJHQHUDOQRQOLQHDUV\VWHPFRQWURO
$VVXPSWLRQJLYHV WKH UHODWLRQVKLSEHWZHHQ WKH LQFUHPHQWDO
LQSXWDQGWKHLQFUHPHQWDORXWSXWDORQJWKHLWHUDWLYHD[LVDWDQ\
WLPH 7KH FRQVWDQW b LV GHWHUPLQHG E\ WULDOV IRU TXDOLWDWLYH
DQDO\VLV ZKLFK PHDQV D ILQLWH LQSXW FKDQJH ZLOO UHVXOW LQ D
ILQLWHRXWSXWFKDQJHDQGLWLVUHDVRQDEOHIRUJHQHUDOV\VWHPV
%DVHGRQWKHDERYHWZRDVVXPSWLRQVWKHIROORZLQJ/HPPD
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ZKHUH k tU LVD VWHS IDFWRUGHVLJQHG WRPDNH WKHFRQWUROOHUEH
PRUH XQLYHUVDO >@ DQG       k d ke t y t y t      LV
WKH WUDFNLQJ HUURU 6LQFH  k tI LV XQNQRZQ WKH IROORZLQJ
FULWHULDIXQFWLRQZLWKWKHHVWLPDWHGSDUDPHWHULVGHILQHG
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 LQGLFDWHV WKDW WKH WDUJHW FRQVWUDLQHGLQSXWVKRXOGEHDVVPDOODVSRVVLEOHZKLOHWKHWUDFNLQJHUURULV
PLQLPL]HGZKLFKPHDQV Ö  k tI ZLOOFRQYHUJHWR  k tI 
%DVHGRQWKHGHULYDWLRQRI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ZKHUH k tK LVWKHVWHSIDFWRU
7RHQVXUH WKDW WKH LWHUDWLYHG\QDPLF OLQHDUL]DWLRQPRGHO LV
DOZD\V WUXH DQG WR PDNH FRPSHQVDWLRQ WR WKH WLPHYDU\LQJ
SDUDPHWHUWKHIROORZLQJUHVHWDOJRULWKPLVDSSOLHG
 Ö Ö   k t tI I LI Ö  k tI Hd RU  ku t H' d  
ZKHUH H LV DSRVLWLYHFRQVWDQW DQG Ö  tI LV WKH LQLWLDOYDOXHRIÖ  k tI 6RWKH0)$,/&EDVHG&)'/GDWDPRGHOLVFRQVWUXFWHGE\WKHLWHUDWLYHOHDUQLQJODZWKHHVWLPDWLRQDOJRULWKP
DQGWKHUHVHWDOJRULWKP,WLVDGDWDGULYHQPHWKRGWKDWRQO\
XWLOL]HVWKHLQSXWDQGRXWSXWGDWDRIWKHV\VWHP&RPSDUHGZLWK
WUDGLWLRQDO ,/&V WKH JDLQ SDUDPHWHU FRPSRVHG RI Ö  k tI LV QRWIL[HGLQVWHDGLWZLOOEHXSGDWHGLWHUDWLYHO\
B. High-Order PPD Estimation Algorithm 
7KHHVWLPDWLRQDOJRULWKPLQRULJLQDO0)$,/&VFKHPH
UXQVDORQJWKHLWHUDWLYHD[LVZKLFKFDQEHUHJDUGHGDVDNLQGRI
SDUDPHWHUWXQLQJODZ'LIIHUHQWO\LQRXUPHWKRGWRDFKLHYHD
IDVWHUFRQYHUJHQFHDKLJKRUGHULWHUDWLYHOHDUQLQJODZLV
GHVLJQHGEDVHGRQSUHYLRXVLWHUDWLRQV>@
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7KHIRUPVRI LWHUDWLYH OHDUQLQJODZDQGWKHUHVHWDOJRULWKP
UHPDLQWKHVDPHDV0)$,/&ZLWKWKH33'EHLQJHVWLPDWHGE\
WKHKLJKRUGHUDOJRULWKP7KHUHIRUHWKHRYHUDOOFRQWUROVFKHPH
RI WKH SURSRVHG +233'0)$,/& LV GHVFULEHG DV 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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)LJ%ORFNGLDJUDPRIWKHSURSRVHG+233'0)$,/&
5HPDUN'LIIHUHQWIURPWKRVHKLJKRUGHUDOJRULWKPVXVLQJ
FRQWUROLQSXW>@DQGWUDFNLQJHUURUWHUPV>@IURPSUHYLRXV
LWHUDWLRQV WR LPSURYH WKH OHDUQLQJFRQWURO ODZ WKHKLJKRUGHU
HVWLPDWLRQ DOJRULWKP DSSOLHG KHUH DV LQ  FRQWULEXWHV WR
LPSURYHPHQWRIWKHFRQWUROOHUSDUDPHWHUVWKHPVHOYHV
5HPDUN,QWKHILUVWWZRLWHUDWLRQVLQLWLDOYDOXHVQHHGWREH
DVVLJQHG WR Ö  tI DQG Ö  tI  6LQFH Ö  k tI LV FDOFXODWHG EDVHG RQ
WKHSUHYLRXVmLWHUDWLRQVLWFDQRQO\EHREWDLQHGZKHQ k mt 
VR WKH KLJKRUGHU HVWLPDWLRQ DOJRULWKP  LV DSSOLHG XQGHU
k mt +RZHYHUZKHQ  k md  LHQRSUHYLRXVLWHUDWLRQVDUH
DYDLODEOHWKHRULJLQDOHVWLPDWLRQDOJRULWKPLVXVHG
5HPDUN  7KH XVDJH RI ZHLJKWLQJ FRHIILFLHQWV iD LQ WKHKLJKRUGHUHVWLPDWLRQDOJRULWKPLVVLPLODUWRWKHIRUJHWWLQJ
IDFWRULQWKHJHQHUDO,/&VFKHPHV7KHUHIRUHWKH\FDQEHVHWDV
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C. Convergence Analysis 
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 k tI t RU   k tI d  DQG   k t =I LV RQO\
HVWDEOLVKHGDWDILQLWHSRLQW
$VVXPSWLRQ  LV LQVSLUHG E\ >@ ,Q RXU V\VWHP ZLWK WKH
LQFUHDVHRIDLULQSXW3$0ZLOOFRQWUDFWDQGWKHGLVSODFHPHQW
ZLOO LQFUHDVH6XFKFKDQJHRIGLVSODFHPHQWDQGFRQWURO LQSXW
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FRQWURO SURFHVV 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,Q WUDGLWLRQDOPRGHOIUHHDGDSWLYH LWHUDWLYH OHDUQLQJFRQWURO
VFKHPHVWKH33'HVWLPDWLRQDOJRULWKPRSHUDWHVDORQJWKH
LWHUDWLRQ D[LV ZKLFK FDQ EH UHJDUGHG DV D NLQG RI SDUDPHWHU
WXQLQJODZ7KHJHQHUDOOHDUQLQJODZLVEDVLFDOO\FRPSRVHGRI
FRQWUROLQSXWDQGWUDFNLQJHUURUWHUPVZKLOHXVLQJKLJKRUGHU
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ku t LV ERXQGHG 7KXV  LV WKH KLJKRUGHU HVWLPDWLRQ RI
SVHXGRSDUWLDOGHULYDWLYHVDQG k tK LVWKHVWHSVL]HIDFWRU
)RU FRQWURO VFKHPH  WKH WHUP  Ö     k k ky t t u tI '   ' 
UHSUHVHQWV WKH HVWLPDWLRQ HUURU RI WKH G\QDPLF OLQHDUL]DWLRQ
PRGHO  ZKHQ 33' HVWLPDWLRQ LV DGRSWHG DQG Ö  k tI LV
HTXLYDOHQWWRWKHPRGHOLQSXW7KHUHIRUHFDQEHUHJDUGHG
DVDFULWHULRQIXQFWLRQVLPLODUWR+LJKHURUGHUIRUPRILQSXW
DQGHVWLPDWLRQFDQLPSURYHWKHHVWLPDWLRQVSHHGRI33'VDQG
WKLVKDVEHHQSURYHGZLWKIDVWHUFRQYHUJHQFH>@)URP
ZHREWDLQ WKH H[SRQHQWLDO FRQYHUJHQFHRI WKHRXWSXW HUURU LQ
LWHUDWLRQGRPDLQZLWKDIDVWHUFRQYHUJHQFHVSHHG)XUWKHUPRUH
WKHKLJKRUGHUHVWLPDWLRQDOJRULWKPPDNHVXVHRIWKH33'VLQ
WKHSUHYLRXVm LWHUDWLRQV VR WKHFXUUHQW33'FDQ OHDUQPRUH
IURPWKHSDVWGDWDWKXVDFKLHYLQJHQKDQFHGFRQYHUJHQFH7KLV
ZLOODOVREHYHULILHGE\WKHVLPXODWLRQDQGH[SHULPHQWV
,,, 6,08/$7,21$1'(;3(5,0(176
A. Simulation Validation 
7R YHULI\ HIIHFWLYHQHVV RI WKH SURSRVHG +233'0)$,/&
VLPXODWLRQ H[SHULPHQWV DUH FRQGXFWHG RQ D WLPHYDU\LQJ
PRGHOIROORZHGE\WKHFRQWURORQDFWXDO3$07KHV\VWHP
FRQWDLQV WLPHYDU\LQJ SDUDPHWHUV DQG UHSHWLWLYH LQWHUIHUHQFHV
>@ZKLFKFDQUHIOHFWWKH3$0¶VQRQOLQHDUIHDWXUHVDQGLVWKXV
LQWURGXFHGDVWKHFRQWUROOHGREMHFW
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%RWK0)$,/&DQG+233'0)$,/&DUHXVHGWRFRQWUROWKH
V\VWHP  LQ VLPXODWLRQ WHVWV )RU 0)$,/& WKH FRQWUROOHU
SDUDPHWHUV DUH  O    k tU   P DQG   k tK  )RU +233'
0)$,/&WKHRUGHURIKLJKRUGHUHVWLPDWLRQLVVHWWR m WKH
ZHLJKWLQJFRHIILFLHQWVDUH  D    D    D  DQGWKH
KLJKRUGHU HVWLPDWLRQ DOJRULWKP VWDUWV IURP WKH WK LWHUDWLRQ
7KHLQLWLDO33'LVVHWDV Ö I  IRUERWKFRQWUROOHUV
)LJ  VKRZV WKH WUDFNLQJ UHVXOWV RI WKH 0)$,/& DQG WKH
+233'0)$,/&ZKHUHWKHUHGVROLGOLQHGHQRWHVWKHGHVLUHG
WUDMHFWRU\DQGWKHGRWWHGOLQHVGHQRWHWKHDFWXDOWUDMHFWRULHVLQ
GLIIHUHQWLWHUDWLRQV5HVXOWVIURPWKHQGUGWKLWHUDWLRQWRWKH
WK WK LWHUDWLRQ LQGLFDWH WKDW WKH DFWXDO WUDMHFWRU\ FDQ
JUDGXDOO\DSSURDFKWKHGHVLUHGRQHDQGFRPSOHWHO\WUDFNLWLQD
ILQLWH QXPEHU RI LWHUDWLRQV +233'0)$,/& SRVVHVVHV D
EHWWHUWUDMHFWRU\WUDFNLQJSHUIRUPDQFHWKDQ0)$,/&ZLWKLQ
DQGLWHUDWLRQV7KRXJKWKHREMHFWFDQQRWEHFRQWUROOHGZLWK
JRRGSHUIRUPDQFHLQWKHILUVWVHYHUDOLWHUDWLRQVGXHWRWKHODFN
RI LQLWLDO RSHUDWLRQV LW FDQ VWLOO FRQYHUJH WR WKH GHVLUHG
WUDMHFWRU\ZLWKLQVHYHUDO LWHUDWLRQV7KH WUDFNLQJHUURUV LQ WKH
ILUVW VHYHUDO LWHUDWLRQV DUH ZLWKLQ D FRQWUROODEOH UDQJH >@
ZKLFK ZLOO QRW KDSSHQ LQ UHDOOLIH WHVWLQJ DV WKH ILUVW WZR
RSHUDWLRQVZLOOEHSUHGHILQHGLQDFWXDOH[SHULPHQWV>@7KLV
FDQDOVREHSURYHGE\WKHIROORZLQJ3$0H[SHULPHQWV
)LJ7UDMHFWRU\WUDFNLQJUHVXOWVRIWKHPRGHOLQVLPXODWLRQFRQWUROOHGE\
D0)$,/&DQGE+233'0)$,/&ZLWK Ö I  
6LQFH WKH LQLWLDO 33' ZLOO KDYH D JUHDW LQIOXHQFH RQ WKH
FRQYHUJHQFHVSHHGRIWKHDOJRULWKPFRPSDUDWLYHH[SHULPHQWV
RIGLIIHUHQWLQLWLDO33'VDUHFRQGXFWHG:HVHWWKHVDPHLQLWLDO
D
E
YDOXH IRU +233'0)$,/& DQG 0)$,/& WR FRPSDUH WKHLU
SHUIRUPDQFHVWDUWLQJIURPWKHVDPHFRQGLWLRQ7KHPD[LPXP
HUURUFRQYHUJHQFHFXUYHVRI0)$,/&DQG+233'0)$,/&
ZLWKGLIIHUHQWLQLWLDO33'VDUHVKRZQLQ)LJ:HFDQVHHWKDW
WKHFKDQJHRILQLWLDO33'KDVJUHDWO\DIIHFWHGWKHFRQYHUJHQFH
VSHHG RI 0)$,/& PHWKRG ZKLOH +233'0)$,/& VFKHPH
GHPRQVWUDWHVDEHWWHUFRQWUROSHUIRUPDQFHDQGKLJKUREXVWQHVV
+233'0)$,/&LVDEOHWRLPSURYHWKHFRQYHUJHQFHVSHHGRI
WKHPD[LPXPWUDFNLQJHUURUDQGWKHOHVVDSSURSULDWHWKHLQLWLDO
33' LV WKH PRUH REYLRXV LPSURYHPHQW RI WKH FRQYHUJHQFH
SHUIRUPDQFHFDQEHVHHQ5HVXOWVVKRZWKDW+233'0)$,/&
VFKHPHFDQDOZD\VDFKLHYHDIDVWHUFRQYHUJHQFHVSHHGZKHWKHU
WKHLQLWLDO33'LVSURSHUO\VHOHFWHGRUQRW
)LJ &RPSDULVRQRI PD[LPXP WUDFNLQJ HUURU FRQYHUJHQFH EHWZHHQ
0$),/&DQG+233'0)$,/&ZLWKGLIIHUHQWLQLWLDO33'VDEFG
UHSUHVHQWWKHFRQYHUJHQFHFXUYHVZLWK Ö  I  UHVSHFWLYHO\
7R IXUWKHU LQYHVWLJDWH WKHHIIHFWRI33'V)LJ VKRZV WKH
YDULDWLRQRI33'DORQJWKHWLPHD[LVDQGWKDWDORQJWKHLWHUDWLYH
D[LVZLWK Ö I  IRU0)$,/&DQG+233'0)$,/&)URPWKH
FKDQJHRI Ö  k tI DORQJ WKH LWHUDWLYHD[LVDW HDFKVDPSOH WLPH
ZHFRQILUPWKDWWKH+233'0)$,/&FDQFRQYHUJHZLWKOHVV
LWHUDWLRQV WKDQ 0)$,/& 0HDQZKLOH LW FDQ EH VHHQ WKDW WKH
+233'0)$,/& VFKHPH FRQYHUJHV WR WKH VDPH YDOXH DV
0)$,/&ZKLFKPHDQVWKDW+233'0)$,/&FDQLPSURYHWKH
FRQYHUJHQFH VSHHG RI 0)$,/& EXW VWLOO PDLQWDLQ WKH FRQWURO
FDSDFLW\RI0)$,/&WRDFKLHYHWKHVLPLODUDFFXUDF\
0HDQZKLOHWKHKLJKRUGHUHVWLPDWLRQDOJRULWKPVWDUWVIURP
ZKLFKLWHUDWLRQDOVRKDVDQLQIOXHQFHRQWKHFRQYHUJHQFH)LJ
VKRZVWKHFRPSDULVRQRIHUURUFRQYHUJHQFHUHVXOWVZKHQXVLQJ
+233'0)$,/& VWDUWLQJ IURP GLIIHUHQW LWHUDWLRQV DQG k LV
WKH VWDUW LWHUDWLRQ ,W FDQ EH VHHQ WKDW WKH HDUOLHU KLJKRUGHU
SDUDPHWHUHVWLPDWLRQDOJRULWKPLVXVHGDORQJWKHLWHUDWLYHD[LV
WKHIDVWHUWKHWUDFNLQJHUURUFRQYHUJHV,WDOVRLQGLFDWHVWKDWWKH
SURSRVHG+233'0)$,/&LVLQGHHGVXSHULRUWRWKH0)$,/&
PHWKRGLQWHUPVRIFRQYHUJHQFHSHUIRUPDQFH
0)$,/& +233'0)$,/& 
)LJ9DULDWLRQRI33' Ö  k tI LQ0)$&,/&DQG+233'0)$,/&
)LJ0D[LPXPWUDFNLQJHUURUFRQYHUJHQFHRI+233'0)$,/&ZKHQ
VWDUWXVLQJKLJKRUGHUHVWLPDWLRQDOJRULWKPIURPGLIIHUHQWLWHUDWLRQV
B. PAM Control Experiments 
7RYHULI\WKHSHUIRUPDQFHRI+233'0)$,/&LQSUDFWLFDO
QRQOLQHDUDQGG\QDPLFV\VWHPFRQWUROZHGHYHORSHGD3$0
FRQWURO WHVWLQJ SODWIRUP DV VKRZQ LQ )LJ  2QH HQG RI WKH
3$0)(6720$61LVVXVSHQGHGRQD ULJLG IUDPH
DQG WKH RWKHU HQG LV IUHHPRYLQJ 7KH FRQWURO V\VWHP LV
LPSOHPHQWHG RQ /DE9,(: 7KH UHVXOWHG FRQWUROOHU RXWSXW LV
VHQWWRWKHSURSRUWLRQDOYDOYH9330/*/+WKURXJK
1, URER5,2 7KH YDOYH UHJXODWHV WKH DLU SUHVVXUH LQVLGH WKH
3$0WRUHDOL]HWUDMHFWRU\WUDFNLQJFRQWURO'LVSODFHPHQWRIWKH
3$0LVPHDVXUHGE\DSRVLWLRQVHQVRU0/23277/)
OLQNHGZLWKWKHPXVFOHIUHHPRYLQJHQGDQGZLOOEHIHHGEDFNWR
WKHFRQWUROSURJUDPLQUHDOWLPHYLD1,URER5,2

)LJ([SHULPHQWVHWXSIRUFRQWUROOHUWHVWVRQ3$0
7KH GHVLUHG WUDMHFWRU\ RI 3$0 LV VHW WR  VLQ dy tS  
)RU FRPSDULVRQ VWXG\ ERWK 0)$,/& DQG +233'0)$,/&
VFKHPHVDUHXVHGWRFRQWUROWKH3$0V\VWHPVXFFHVVLYHO\7KH
FRQWUROOHUSDUDPHWHUVRI0)$,/&DUHVHWDV  O    k tU   P 
DQG   k tK )RU+233'0)$,/&WKHRUGHURIWKHHVWLPDWLRQ
DOJRULWKPLVVHWWR m  ZHLJKWLQJFRHIILFLHQWVDUH  D  
 D    D  DQGWKHLWHUDWLRQWKDWWKHKLJKRUGHUHVWLPDWLRQ
DOJRULWKPVWDUWVLVVHWWR7KHLQLWLDO33'IRUERWKVFKHPHVLV
Ö I  ZLWKDOORWKHUSDUDPHWHUVXQFKDQJHG
7KH WUDFNLQJ UHVXOWV RI ERWK PHWKRGV DUH VKRZQ LQ )LJ 
ZKHUHWKHUHGVROLGOLQHGHQRWHVWKHGHVLUHGWUDMHFWRU\DQGWKH
GRWWHGOLQHVGHQRWHWKHDFWXDOWUDMHFWRULHVLQGLIIHUHQWLWHUDWLRQV
,WLQGLFDWHVWKDWWKHDFWXDOWUDMHFWRU\RI3$0LVDEOHWRJUDGXDOO\
IROORZWKHGHVLUHGWUDMHFWRU\ZLWKLWHUDWLRQV7KHILQDOWUDMHFWRU\
D E
F G
WUDFNLQJHUURULVPDLQWDLQHGXQGHUPPZKLFKLVDFFHSWDEOHLQ
SUDFWLFHGXHWRVRPHLQHYLWDEOHPHDVXUHPHQWHUURUVRUH[WHUQDO
GLVWXUEDQFHV &RPSDUHG ZLWK WKH UHVXOWV RI 0)$,/& LQ )LJ
DLWFDQEHREYLRXVO\VHHQIURP)LJEWKDWWKHSURSRVHG
+233'0)$,/&PHWKRGFDQWUDFNWKHGHVLUHGWUDMHFWRU\PRUH
HIILFLHQWO\ IRU H[DPSOH LW FDQ UHDFK D VDWLVIDFWRU\ DFFXUDF\
ZLWKLQLWHUDWLRQVZKLOHWKH0)$,/&PHWKRGFDQQRWDFKLHYH
WKLVOHYHOXQWLOWKHWKLWHUDWLRQ

)LJ7UDMHFWRU\WUDFNLQJUHVXOWVRIWKH3$0LQSUDFWLFHFRQWUROOHGE\D
0)$,/&DQGE+233'0)$,/&ZLWK Ö I  

)LJ&RQYHUJHQFHFXUYHVRIPD[LPXPWUDFNLQJHUURULQ0)$,/&DQG
+233'0)$,/&ZLWKGLIIHUHQWLQLWLDO33'VZKHQFRQWUROOLQJD3$0
7KHFRQYHUJHQFHFXUYHVRIWKHPD[LPXPWUDFNLQJHUURUVRI
0)$,/&DQG+233'0)$,/&ZLWKGLIIHUHQWLQLWLDO33'VDUH
VKRZQLQ)LJ:HFDQFRQFOXGHVLPLODUO\ZLWKWKHVLPXODWLRQ
WHVWWKDWWKHLQLWLDO33'DIIHFWVWKHFRQYHUJHQFHVSHHG,QFDVH
RI Ö I  0)$,/&PHWKRGFDQDFKLHYHDIDVWFRQYHUJHQFHRI
WKH PD[LPXP WUDFNLQJ HUURU DQG +233'0)$,/& PHWKRG
PDLQWDLQV D VLPLODU SHUIRUPDQFH :LWK WKH YDULDWLRQ RI 33'
IURPWRDQG+233'0)$,/&PHWKRGGHPRQVWUDWHV
PRUH WUDFNLQJ LPSURYHPHQWVDQGEHWWHU VXSHULRUFRQYHUJHQFH
SHUIRUPDQFH RYHU 0)$,/& 6SHFLILFDOO\ +233'0)$,/&
PHWKRGFDQUHGXFHWKHWLPHFRVWRIDERXWDQGLWHUDWLRQV
ZKHQ Ö I   Ö I  DQG Ö I  UHVSHFWLYHO\
7R IXUWKHU YDOLGDWH WKH SURSRVHG FRQWUROOHU¶V SHUIRUPDQFH
WKH FRPSDULVRQ RI UHVXOWV XQGHU WKUHH GLIIHUHQW IUHTXHQFLHV
+]  +] DQG +] DQG Ö I  ZKLOH RWKHU SDUDPHWHUV
XQFKDQJHG LV VKRZQ LQ)LJZKHUH WKH UHVXOWHG WUDMHFWRULHV
DQG WKH PD[LPXP HUURU FRQYHUJHQFH FXUYHV DW GLIIHUHQW
IUHTXHQFLHVDUHSUHVHQWHG([FHSWIRUVRPHHUURUGLIIHUHQFHVLQ
WKH ILUVW VHYHUDO LWHUDWLRQV WKH PD[LPXP WUDFNLQJ HUURUV FDQ
FRQYHUJH WRD ORZYDOXHTXLFNO\7KHFRQWUROSHUIRUPDQFHRI
WKHSURSRVHGPHWKRGGRHVQRWFKDQJHPXFKRYHUIUHTXHQFLHV
DQGLVVWLOOVDWLVIDFWRU\HYHQDWKLJKHUIUHTXHQFLHV

)LJ  7UDFNLQJ UHVXOWV DQG PD[LPXP HUURU FRQYHUJHQFH RI 3$0
FRQWUROOHGE\+233'0)$,/&DWGLIIHUHQWIUHTXHQFLHV Ö I  
7RLOOXVWUDWHWKHHIIHFWRIKLJKRUGHUHVWLPDWLRQDOJRULWKPRQ
WKHFRQYHUJHQFHVSHHGDORQJLWXGLQDOFRPSDULVRQH[SHULPHQW
LVSHUIRUPHGXQGHUFRQGLWLRQ WKDWRWKHUFRQWUROOHUSDUDPHWHUV
XQFKDQJHG 7KH FRPSDULVRQ VWXG\ LV WR DSSO\ WKH KLJKRUGHU
HVWLPDWLRQDOJRULWKPWR33'VWDUWLQJIURPGLIIHUHQWLWHUDWLRQV
)LJ  LOOXVWUDWHV WKH FRQYHUJHQFH FXUYHV RI WKH PD[LPXP
WUDFNLQJHUURUVWDUWLQJIURPWKHWKWKHWKDQGWKHWKLWHUDWLRQ
,W LV FOHDU WKDW RQFH DSSO\LQJ WKH KLJKRUGHU HVWLPDWLRQ
DOJRULWKPWR33'WKHFRQYHUJHQFHSHUIRUPDQFHZLOOEHJUHDWO\
HQKDQFHG LPPHGLDWHO\ ZKLFK PHDQV WKH +233'0)$,/&
VFKHPH LV DEOH WR LQFUHDVH WKH FRQYHUJHQFH VSHHG 7KLV
FRQFOXVLRQLVDOVRLQFRQVLVWHQWZLWKWKHVLPXODWLRQ

)LJ  0D[LPXP WUDFNLQJ HUURU FRQYHUJHQFH RI 3$0 FRQWUROOHG E\
+233'0)$,/&XVLQJKLJKRUGHUHVWLPDWLRQIURPGLIIHUHQWLWHUDWLRQV
5REXVWQHVV SHUIRUPDQFH RI WKH +233'0)$,/& LV DOVR
LQYHVWLJDWHG DV WKH 3$0VGULYHQ UHKDELOLWDWLRQ URERW ZLOO EH
ILQDOO\ FRQWUROOHG ZLWK KXPDQ LQWHUDFWLRQV &RPSDUHG ZLWK
QRQORDGRSHUDWLRQRI WKHURERW WKH ORDGRI WKHDIIHFWHGOLPE
GXULQJUHKDELOLWDWLRQZLOOLQHYLWDEO\FDXVHLQWHUIHUHQFHVWRWKH
URERW DQG WKH WUDFNLQJDFFXUDF\ZLOOEHDIIHFWHG ,QRUGHU WR
YHULI\ WKH FRQWUROOHU¶V FDSDFLW\ LQ GLVWXUEDQFH WROHUDQFH WZR
W\SHV RI ORDG LQWHUIHUHQFHV DUH DGGHG WR WKH 3$0 WKH ORDG
DORQJ WKH WLPH D[LV   VLQ d tS   DQG WKH UDQGRP ORDG
LQWHUIHUHQFHDORQJWKHLWHUDWLRQD[LVDVVKRZQLQ)LJ7KH
WUDFNLQJ UHVXOWV RI +233'0)$,/& DUH VKRZQ LQ )LJ 
ZKHUHDLVWKHWUDFNLQJUHVXOWVDIWHUDGGLQJORDGLQWHUIHUHQFH
DORQJWKHWLPHD[LVDQGELVWKHWUDFNLQJUHVXOWVDIWHUDGGLQJ
ORDG LQWHUIHUHQFH DORQJ WKH LWHUDWLRQ D[LV $OO RWKHU FRQWURO
SDUDPHWHUV PDLQWDLQ FRQVLVWHQW ZLWK WKH +233'0)$,/&
DERYH&RPSDULQJ)LJZLWK)LJEWKHUHLVQRVLJQLILFDQW
GLIIHUHQFHRQWKHWUDFNLQJUHVXOWVEHWZHHQWKHWZRFDVHVZKLFK
D
E
LQGLFDWHVWKH+233'0)$,/&¶VJRRGUREXVWQHVVDQGVXSHULRU
FDSDFLW\LQKDQGOLQJH[WHUQDOORDGLQWHUIHUHQFHVDQGWKHVHPDNH
LWVXLWDEOHIRUKXPDQURERWLQWHUDFWLYHDSSOLFDWLRQV

)LJ7KHVLQHZDYHORDGLQWHUIHUHQFHDGGHGWR3$0DORQJWKHWLPH
D[LVDQGWKHUDQGRPORDGLQWHUIHUHQFHDORQJWKHLWHUDWLRQD[LV

)LJ  7UDFNLQJ UHVXOWV RI 3$0 FRQWUROOHG E\ +233'0)$,/& ZLWK
ORDGLQWHUIHUHQFHVDORQJDWKHWLPHD[LVDQGEWKHLWHUDWLRQD[LV
)LJIXUWKHUSUHVHQWVWKHFRPSDULVRQRIWKHFRQYHUJHQFH
SHUIRUPDQFH RI +233'0)$,/& ZLWK DQG ZLWKRXW ORDG
LQWHUIHUHQFHLQ3$0FRQWUROZKHQ Ö I  7KHOHIWVKRZVWKH
FRPSDULVRQRIPD[LPXPWUDFNLQJHUURUEHWZHHQ3$0FRQWUROV
ZLWKDQGZLWKRXWORDGLQWHUIHUHQFHDORQJWLPHD[LVDQGWKHULJKW
VKRZVWKHFRPSDULVRQEHWZHHQFRQWUROVZLWKDQGZLWKRXWORDG
LQWHUIHUHQFHDORQJLWHUDWLRQD[LV)URP)LJZHFDQFRQFOXGH
WKDWWKH+233'0)$,/&¶VFRQYHUJHQFHSHUIRUPDQFHZLOOQRW
EHJUHDWO\ LQIOXHQFHGE\ WKH ORDG LQWHUIHUHQFHVZKLFK PHDQV
WKH +233'0)$,/& VWLOO PDLQWDLQV D VXSHULRU FRQYHUJHQFH
SHUIRUPDQFHHYHQZLWKFHUWDLQUDQGRPORDGLQWHUIHUHQFHV

)LJ  &RPSDULVRQ RI PD[LPXP WUDFNLQJ HUURUV RI +233'0)$,/&
ZLWKORDGIUHHDQGORDGDGGHGDORQJWLPHD[LVRULWHUDWLRQD[LV
)LQDOO\ H[SHULPHQWV RQ WUDFNLQJ WKH GHVLUHG WUDMHFWRU\ LQ
VLPXODWLRQ DUH FRQGXFWHG WR PDNH WKH FDOFXODWLRQ UHVXOW DQG
H[SHULPHQWDO UHVXOW FRUUHVSRQG ZLWK HDFK RWKHU 7KH GHVLUHG
WUDMHFWRU\ RI 3$0 LV VHW WR EH WKH VDPH DV WKH VLPXODWLRQ
WUDMHFWRU\ LQ  )LJ  VKRZV WKH WUDFNLQJ UHVXOW RI 3$0
FRQWUROOHG E\0)$,/& DQG +233'0)$,/& ZLWK Ö I   ,W
UHYHDOVWKDWZLWKWKHLQFUHDVHRILWHUDWLRQVWKHDFWXDOWUDMHFWRU\
RIWKH3$0JUDGXDOO\DSSURDFKHVWKHGHVLUHGRQHWKRXJKWKHUH
DUHFHUWDLQXQDYRLGDEOHRYHUVKRRWVLQUHDOZRUOGGXHWRWKHVWHS
UHVSRQVH&RPSDULQJDZLWKELQ)LJLWLVREYLRXVWKDW
WKH+233'0)$,/&PHWKRGFDQWUDFNWKHGHVLUHGWUDMHFWRU\
PRUH TXLFNO\ ZLWKLQ  LWHUDWLRQV :H FDQ FRQFOXGH WKDW WKH
3$0 FRQWUROOHG E\ +233'0)$,/& LV DEOH WR WUDFN WKH
GHVLUHGWUDMHFWRU\LQEHWWHUSHUIRUPDQFHDIWHUVHYHUDOLWHUDWLRQV
DQG WKLV LV LQ FRQVLVWHQW ZLWK WKH WKHRU\ DQG WKH VLPXODWLRQ
7KRXJK WKHUH DUH VRPH GHOD\V LQ SUDFWLFDO WHVWV GXH WR WKH
PHPRU\EDVHG VFKHPH WKH FRQWURO VLJQDOV RI SUHYLRXV WULDOV
FDQ EH PDQLSXODWHG DW D WLPH DKHDG RI WKH FXUUHQW LQVWDQFH
ZKLFKPHDQVZHFDQFRPSHQVDWHWKHSURFHVVRUWLPHGHOD\

)LJ  7UDFNLQJ UHVXOWV RI 3$0 FRQWUROOHG E\ D 0)$,/& DQG E
+233'0)$,/&ZLWK Ö I  IRUWKHWUDMHFWRU\LQVLPXODWLRQ
7RVWDWLVWLFDOO\FRPSDUHWKHGLIIHUHQWH[SHULPHQWVPHQWLRQHG
DERYHWKHPD[LPXPWUDFNLQJHUURUVDQGWKHURRWPHDQVTXDUH
506 HUURUV RI 0)$,/& DQG +233'0)$,/& VFKHPHV
XQGHU GLIIHUHQW 33'V DUH FDOFXODWHG 7KH PD[LPXP WUDFNLQJ
HUURUDQG506HUURURI+233'0)$,/&PHWKRGDWGLIIHUHQW
IUHTXHQFLHV DQG GLIIHUHQW VWDUWLQJ LWHUDWLRQV DUH DOVR REWDLQHG
UHVSHFWLYHO\)LQDOO\WKHUHVXOWVDUHFRPSDUHGEHWZHHQFRQWUROV
ZLWKRXWDQGZLWKORDGVDGGHGDORQJWKHWLPHD[LVDQGDORQJWKH
LWHUDWLRQ D[LV 7KH FDOFXODWHG UHVXOWV DUH VKRZQ LQ 7DEOH ,
6WDWLVWLFDO UHVXOWVVKRZWKDWGLIIHUHQW LQLWLDO33'VZLOOJUHDWO\
DIIHFW WKHFRQYHUJHQFHRI0)$,/&ZKLOH+233'0)$,/&
FDQ DOZD\V PDLQWDLQ D JRRG SHUIRUPDQFH )RU H[DPSOH WKH
PD[LPXPWUDFNLQJHUURURI+233'0)$,/& LVDERXWDW
WKH WK LWHUDWLRQ ZKLOH WKH PD[LPXP HUURUV RI 0)$,/& DUH
JUHDWO\DIIHFWHGE\WKHLQLWLDO33'VUHVXOWLQJ
DQGUHVSHFWLYHO\ZLWKGLIIHUHQW33'V&RQWURO
SHUIRUPDQFHRIWKHSURSRVHGPHWKRGGRHVQRWFKDQJHPXFKDW
D
E
D
E
GLIIHUHQW IUHTXHQFLHV DQG ZLWK RU ZLWKRXW ORDG LQWHUIHUHQFHV
ZKLFKYDOLGDWHLWVJRRGUREXVWQHVV7KHFRQYHUJHQFHVSHHGLV
TXLWH GLIIHUHQW ZKHQ VWDUW XVLQJ WKH KLJKRUGHU HVWLPDWLRQ
DOJRULWKPIURPGLIIHUHQWLWHUDWLRQVZKLFKPHDQVWKHHDUOLHUZH
XVHLWWKHEHWWHUFRQYHUJHQFHZHFDQDFKLHYH)RUH[DPSOHWKH
PD[LPXPWUDFNLQJHUURURIWKHQLQWKLWHUDWLRQLVZKHQ
WKHKLJKHURUGHUHVWLPDWLRQDOJRULWKP LVXVHGIURP WKHIRXUWK
LWHUDWLRQ DQG  DQG  ZKHQ WKH DOJRULWKP LV XVHG
IURPWKHHLJKWKDQGWKHWZHOIWKLWHUDWLRQUHVSHFWLYHO\7KHVHDOO
SURYHWKDWWKHSURSRVHGPHWKRGFDQLPSURYHWKHFRQYHUJHQFH
UDWHDQGREWDLQDQRYHUDOOEHWWHUFRQWUROSHUIRUPDQFH
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,Q WKLV SDSHU D KLJKRUGHU SDUDPHWHU HVWLPDWLRQ EDVHG
PRGHOIUHHDGDSWLYHLWHUDWLYHOHDUQLQJFRQWUROOHULVSURSRVHGIRU
3$0+233'0)$,/&LVDFRPSOHWHO\PRGHOIUHHDGDSWLYH
PHWKRGWKDWMXVWXWLOL]HVLQSXWDQGRXWSXWGDWDRIWKHQRQOLQHDU
V\VWHP 7KH G\QDPLF OLQHDUL]DWLRQ PHWKRG LV LQWURGXFHG WR
HVWDEOLVKWKHGDWDPRGHODORQJWKHLWHUDWLRQD[LVLQZKLFKWKH
33' LV GHWHUPLQHG E\ WKH LPSURYHG KLJKRUGHU HVWLPDWLRQ
DOJRULWKP7KHPDLQDGYDQWDJHRI+233'0)$,/&UHOLHVRQ
LWV DELOLW\ WRXVH WKHGDWD LQSUHYLRXV LWHUDWLRQV VSHHGXS WKH
HVWLPDWLRQRISDUDPHWHUVDQGLPSURYHWKHFRQYHUJHQFHZKLOH
HQVXULQJ WKH FRQWURO DFFXUDF\ %RWK VLPXODWLRQ DQG 3$0
FRQWURO H[SHULPHQW UHVXOWV VKRZ WKDW WKH SURSRVHG +233'
0)$,/&KDVDIDVWHUFRQYHUJHQFHVSHHGWKDQ0)$,/&DQGLV
PRUHVXLWDEOHIRUQRQOLQHDUV\VWHPV7KHWUDFNLQJHUURUVRIWKH
SURSRVHG PHWKRGGLGQRW VKRZVLJQLILFDQW LPSURYHPHQWRYHU
0)$,/&RUVRPHRWKHULWHUDWLYHOHDUQLQJFRQWUROPHWKRGVVXFK
DV>@,QWKHVHVWXGLHVWKHPD[LPXPHUURUVUDQJHGIURP
WR>@ZKLOHWKHHUURURIWKHSURSRVHGPHWKRGLVDERXW
 DIWHU WXQHG 2QH UHDVRQ LV WKDW PRVW RI WKH FXUUHQW
FRQWUROOHUVZHUHLPSOHPHQWHGRQULJLGPRWRUVDVZHNQRZWKH
3$0 KDV FRPSOLDQW IHDWXUHV EXW WKH GUDZEDFN LV LWV FRQWURO
DFFXUDF\VRWKHUHVXOWVLQWKLVZRUNDUHIDLUO\VDWLVIDFWRU\(YHQ
VRWKHPDLQFRQWULEXWLRQRIRXUZRUNLVWRSURSRVHD+233'
0)$,/&PHWKRGZLWKIDVWHUFRQYHUJHQFHVSHHG)URP)LJ
)LJDQG)LJZHFDQVHHWKDWERWKPHWKRGVFDQFRQYHUJH
WR D ORZ HUURU OHYHO EXW WKH FRQYHUJHQFH RI WKH SURSRVHG
PHWKRGLVPRUHHIILFLHQWZKLFKVKRZVLWVVXSHULRUFRQYHUJHQFH
SHUIRUPDQFH RYHU 0)$,/& DQG RWKHU PHWKRGV VLQFH LW FDQ
UHDFKWKHVWDEOHVWDWHZLWKLQRULWHUDWLRQVZKLOHRWKHUFRQWURO
DSSURDFKHVQHHGPRUHWLPHVVXFKDVLWHUDWLRQVLQ>@DQG
RYHU  LWHUDWLRQV LQ > @ &RQVHTXHQWO\ WKH WKHRUHWLFDO
SURRI VLPXODWLRQ DQG H[SHULPHQW UHVXOWV DOO SURYH WKDW WKH
SURSRVHGPHWKRGKDVDIDVWHUFRQYHUJHQFHVSHHG
)RUUHDOWLPHLVVXHV,/&LVDPHPRU\EDVHGPHFKDQLVPDQG
WKHPHPRU\GHYLFHVDUHH[WUHPHO\FKHDSDQGHDVLO\DFFHVVLEOH
ZLWK WKH SUHVHQW WHFKQRORJ\ >@ 2XU ZRUN LV WR SURSRVH D
KLJKRUGHUSVHXGRSDUWLDOGHULYDWLYHEDVHGPRGHOIUHHDGDSWLYH
,/& ZKLFK IXOO\ XWLOL]HV WKH LQSXWRXWSXW GDWD LQ SUHYLRXV
LWHUDWLRQV GXULQJ WKH FRQWURO SURFHVV 7KRXJK WKH OHDUQLQJ
FRQWUROPHWKRGVUHTXLUHDPHPRU\WRVWRUHWKHGDWDVLQFHWKH
IHHGEDFNFRQILJXUDWLRQFDQJLYHDGGLWLRQDODGYDQWDJHVVXFKDV
HQKDQFHGFRQYHUJHQFHUDWH>@WKH\LQWXUQPDNHWKHFRQWURO
VWUDLJKWIRUZDUGO\ 0RUHRYHU WKH UHFRUG RI GDWD LQ VHYHUDO
SUHYLRXVLWHUDWLRQVZLOOQRWDIIHFWWKHUHDOWLPHSHUIRUPDQFHDV
WKHFXUUHQW WHFKQRORJ\ LVDEOH WRKDQGOH WKHGDWDRI WKLV OHYHO
DOPRVWLQUHDOWLPH>@)URPWKHH[SHULPHQWUHVXOWVZHFDQ
DOVRFRQILUPWKDWWKHSURSRVHGFRQWUROOHUFDQEHRSWLPL]HGLQDQ
DOPRVW UHDOWLPH IDVKLRQ GXULQJ RSHUDWLRQV DQG WKH UHDOWLPH
SHUIRUPDQFH LV LPSURYHG DV FRPSDUHG ZLWK RWKHU JUDGLHQW
GHVFHQWW\SH PHWKRGV VXFK DV LWHUDWLYH IHHGEDFN WXQLQJ WKDW
PD\VXIIHUIURPWKHGUDZEDFNRIVORZFRQYHUJHQFH>@
,QWKHIXWXUHWKHSURSRVHGPHWKRGZLOOEHLPSOHPHQWHGRQ
WKH 3$0VGULYHQ DQNOH UHKDELOLWDWLRQ URERW DQG QHZ WXQLQJ
PHWKRGVZLOOEHLQYHVWLJDWHGWRIXUWKHULPSURYHWKHDGDSWDELOLW\
DQG UREXVWQHVV RI WKH FRQWUROOHU IRU KXPDQ URERW LQWHUDFWLRQ
)XUWKHUWKHKXPDQYROXQWDU\PRYHPHQWLVQRWWKHRQO\IDFWRU
WKDWPD\DIIHFWWKHUHKDELOLWDWLRQSHUIRUPDQFHPXVFOHIDWLJXH
HPRWLRQDQGRWKHUIDFWRUVDOVRSOD\LPSRUWDQWUROHVGXULQJWKH
UHKDELOLWDWLRQ >@ 3DWLHQW¶V UHFRYHU\ FDQ EH FRPSUHKHQVLYHO\
HYDOXDWHGIURPWKHUHFRUGHGSK\VLRORJLFDOGDWDEDVHGRQZKLFK
PRUH UHDVRQDEOH DGMXVWPHQW RI WKH URERW DVVLVWDQFH ZLOO EH
SURSRVHGWRLPSURYHWKHUHKDELOLWDWLRQHIIHFWLYHQHVV>@
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